biological soil crust (biocrust). Here we examine native biocrust to determine if these 27 patterns are reproduced in the environment. Overall, most soil metabolites displayed the 28 expected relationship (positive or negative correlation) with four dominant bacteria 29 following a wetting event and across biocrust developmental stages. For metabolites 30 that were previously found to be consumed by an isolate, 78% were negatively 31 correlated with the abundance of in situ isolate phylotypes whereas for released 32 metabolites, 73% were positively correlated. Our results demonstrate that metabolite 33 profiling, sequencing and exometabolomics can be successfully integrated to 34 functionally link metagenomes and microbial community structure with environmental 35
chemistry. 36
In soils, which harbor the largest terrestrial pool of organic carbon 1 , organic 38 matter is largely processed by complex microbial communities. The impact of climate 39 change on these communities and their activities is uncertain 2 . Given the importance of 40 these systems, vast amounts of sequencing data have been and continue to be 41 collected. While metagenomic sequencing provides important insights into community 42 structure and metabolic potential, if unconstrained, such data are often open to multiple 43 interpretations. New approaches are needed to help link the now readily available 44 sequencing data to in situ metabolism in order to better understand the dynamic 45 reciprocity between carbon cycling and microbial community structure. 46
Soil organic matter (SOM) content and moisture have long been recognized as 47 gene, rplO (ribosomal protein L15) 22 . This approach has proven useful in several reports 127 for examination of community structure via shotgun sequencing that often results in 128 poor 16S ribosomal RNA gene assemblies [23] [24] [25] . Based on rplO genes, 466 distinct 129 organisms were identified in the biocrust across all conditions (Supplementary Table 2) . 130
As observed for biocrust metabolites, community structure was primarily driven by time 131 since wetting. At the phylum level, the most drastic change was a shift from a 132 cyanobacteria-dominated community at early time points (17-28% at 3 min to 1-3% by 133 49.5 h) to a Firmicutes-dominated community by 49.5 h (4-5% at 3 min to 19-39% by 134
h) (Supplementary Figure 3). Other dominant phyla included Proteobacteria and 135
Actinobacteria, which appeared to be indifferent to wetting (i.e. their relative abundance 136 was more evenly-distributed across wetting) (Supplementary Figure 3) . 137
In order to use previous exometabolomic studies to link Figure 4) . Microcoleus spp. is known to be a pioneer species 145 responsible for initial soil stabilization and biocrust formation 26 and in our study was the 146 most dominant in early wetup biocrust, accounting for 10-25% of the entire microbial 147 community at 3 min across all successional stages (Supplementary Figure 5) . The twoMicrocoleus filaments 20 and their relative abundance increased during wetting. The 150 most abundant of these, Anoxybacillus sp., was a mid-wetup responder and peaked at 151 9 h for successional levels A, B and D (16-24% of the community) and at 18 h for 152 successional level C (24% of the community) (Supplementary Figure 5) . Bacillus sp. 153 reached its peak abundance at later time points, accounting for up to 3% of the 154 community by 42 h in successional level C (Supplementary Figure 5) , noting that by the 155 later time points the community was less dominated by any one particular organism 156 (Supplementary Figure 5) . Finally, Blastococcus sp. abundance was found to be 157 relatively resistant to wetting and was somewhat evenly distributed across all conditions 158 (0.1-2% of the community) (Supplementary Figure 5) . 159
160
Linking microbe-metabolite abundances based on isolate exometabolomics 161 profiling 162
To determine how isolate substrate preferences impacted in situ exometabolite 163 composition, we evaluated microbe-metabolite correlations, focusing on metabolites 164 known to be released or consumed by the related isolates of Microcoleus spp., 165
Anoxybacillus sp., Bacillus sp. and Blastococcus sp. The expectation was that released 166 metabolites would be positively correlated with the relative bacterial abundance while 167 consumed metabolites would be negatively correlated ( Figure 1B ) across both wetting 168 and successional stage. To link previous isolate exometabolomics data with the current 169 biocrust exometabolome dataset (Figure 2) , we determined the degree of correlation 170 between the metabolites that were previously found to be consumed and released bybiocrust isolates 20 Figure 6) , 76% had the 180 predicted directionality and would be very unlikely to occur by chance (two-tailed p-181 value < 1 x 10 -5 ; Supplementary Table 4) . 182
We next used our data to hypothesize a dynamic exometabolomic web of 183 microbes, largely reflecting the release of metabolites by the primary producer 184 (Microcoleus spp.) followed by consumption by the two heterotrophs that displayed a 185 large degree of cycling across wetting (Anoxybacillus sp. and Bacillus sp.) (Figure 3) . Of the metabolites that were consumed by the Anoxybacillus sp.-related isolate, D1B51 198 (Table 1) 20 , 12 were detected in the current biocrust soil water samples and reached 199 their highest level early-on (at either 3 min, 9 or 18 h), decreasing just after the peak in Sequencing has the potential to link exometabolite composition to specific 233 microbes based on genome annotations. However, based on these data alone, relating 234 metabolic potential to activity is challenging. It has been suggested that copiotrophic organisms (e.g. many Firmicutes) are 254 superior competitors for a limited number of compounds whereas oligotrophs (e.g. many 255
Actinobacteria) support a more stable population by using a wider range of substrates 37 . 256
Our previous exometabolomics work is consistent with this view and showed that the 257 two Firmicutes isolates depleted the narrowest range of substrates (10%) whereas the 258 two Actinobacteria used almost twice as many 20 . Here we find that unlike the boom-bust 259 cycle of Fimicutes, the Actinobacteria phylum (such as Blastococcus sp.) may be more 260 resistant to wetting. This provides limited evidence that utilization of diverse substrates,consistent with oligotrophy, may enable slow but continuous growth under conditions 262 with highly dynamic exometabolite pools. 263
The community dynamics that were caused by biocrust wetting resulted in strong 264 microbe-metabolite relationships that were conserved from one successional stage to 265
another for the four bacteria of interest (Microcoleus spp., Anoxybacillus sp., Bacillus 266 sp. and Blastococcus sp.) (Supplementary Figure 8) . This supports the notion that the 267 water-soluble SOM in these biocrusts, to a large degree, originates from and is 268 controlled by microbes 15 and the composition of this pool may be predictable if a change 269 in microbial community structure is anticipated. This finding has particular significance 270 for biocrusts, since changes in temperature and rainfall are expected to shift microbial 271 community structure 38, 39 . As a result, these alterations are expected to impact SOM 272 cycling especially if there is loss of taxa responsible for utilization or production of 273 specific SOM components. 274
Next, we explored the connection between the observed microbe-metabolite 275 relationships in biocrust and culture-based exometabolite profiles. Overall, we found 276 that isolate exometabolomic patterns were conserved in the intact biocrust soil microbial 277 community. The expected directionality (positive or negative microbe-metabolite 278 correlations) (solid arrows in Figure 3 ) was significantly higher than predicted by 279 chance, indicating a linkage between laboratory observations and in situ soil activities. 280
While most metabolites displayed the expected patterns, some biocrust soil water 281 metabolites (i.e. uracil, N6-acetyl-lysine, hypoxanthine and xanthine) were inconsistent 282 with M. vaginatus PCC 9802 exometabolite profiles. However, these were also released 283 by and positively correlated with Bacillus sp. Deconvoluting this may be possible usingdynamic utilization models 40 We next used the biocrust microbe-metabolite relationships to postulate a 293 dynamic exometabolomics web describing the wetting response of three dominant 294 bacteria in the biocrust (Figure 3 ). This network displays the release of many 295 metabolites, especially amino acids, by Microcoleus spp. followed by consumption by 296 the two heterotrophic Firmicutes. This suggests unique organismal roles in the biocrust 297 foodweb including the preferential consumption of aromatic amino acids (tryptophan 298 and phenylalanine) by Anoxybacillus sp. and branched-chain amino acids (leucine and 299 isoleucine) by both Firmicutes. Interestingly, we also observe that these Firmicutes 300 release nucleobases (uracil, hypoxanthine and xanthine), consistent with our earlier 301 reports of heterotrophs releasing these compounds 47 . This may reflect a nitrogen-302 scavenging mechanism by consuming N-containing substrates (cytosine, adenine, 303 guanine and histidine), producing uracil, hypoxanthine, xanthine and urocanate as 304 byproducts. Knowledge of these functional linkages between metabolites and microbes 305 has the potential to help understand and predict nutrient cycling in terrestrial microbial 306 ecosystems 48 analogously to the many organisms that have been linked to specific 307 transformations within marine ecosystems. For example Cyanobacteria release and 308 reuptake organic carbon 49 , a variety of uncultured taxa utilize dissolved proteins 44 and 309 SAR11 bacteria assimilate amino acids and dimethylsulfoniopropionate 50 . 310
We attribute much of the success of this study to the suitability of the biocrust 311 ecosystem. One such advantage is that biocrust soil in this study is primarily quartz 312 sand, facilitating metabolite analysis compared to many other soils which are typically 313 rich in clays and other strongly-sorptive mineral surfaces 51 . Accurately representing the 314 competition between microbes and mineral surfaces would require additional studies 315 examining mineral-metabolite sorption dynamics 52, 53 . Another relatively simplifying 316 factor is that the biocrust community, unlike many other soils, is dominated by a few 317 bacteria, greatly enabling accurate correlations between taxa and metabolites. 318
Furthermore, there is a general lack of consensus of isolate-to-community comparisons 319
and what constitutes a valid comparison especially with the use of ribosomal protein 320 genes as phylogenetic markers. Exometabolite-profiled isolates and their related 321 biocrust phylotypes ranged between 86.3-92.0% identical in their rplO sequence ( Table  322 1), likely placing them in the same genus, and with more certainty, the same family. 323
Despite the low taxonomic resolution, the observed functional similarity, agrees with 324 reports suggesting that metabolic traits are largely conserved at the phylum level 54 . We 325 anticipate that in order to accurately predict microbe-metabolite relationships for more 326 diverse communities and complex environments, a large number of relevant taxa would 327 need to be subjected to exometabolite profiling. Accounting for switching between 328 metabolic states will require profiling under diverse environmental conditions. For 329 example, the discrepancy between metabolites that were released by M. vaginatus PCC 330 9802 20 , but were not correlated with Microcoleus spp. abundance in the present study 331 may be due to different metabolic processes occurring during the day (photosynthesis) 332 versus night (respiration) (Diel cycle) 27, 55 . Thus, modeling approaches will be required to 333 account for metabolic state switching among other processes. One exciting possibility of 334 expanded exometabolomic datasets, is that knowledge of uptake and release of 335 metabolites can be used as boundary constraints for flux-balance analysis 56 and trait-336 based models 57 providing a genome-scale approach for linking soil metabolites with 337 metagenomic data. For example, OptCom 58 , a multi-level and multi-objective flux 338 balance analysis framework to understand metabolism within microbial communities, 339 which currently primarily relies on genomic information, could be used in conjunction 340 with exometabolomic data. 341
In conclusion, this study shows that isolate exometabolite patterns are conserved 342 within an intact biocrust community, relating community structure and metabolite 343 composition. We expect that exometabolomic characterization of additional taxa and 344 determination of mineral-metabolite sorption dynamics, under a range of 345 environmentally relevant conditions (e.g. day/night cycles), integrated with modeling 346 approaches will further enhance the predictive power of these relationships. These 347 studies may help pave the way for interpretation and use of metagenomic and 348 metatranscriptomic approaches for linking soil chemistry to soil microbiomes to define 349 exometabolite webs of microbes in complex ecosystems. h, 18 h, 42 h and 49.5 h), biocrust and soil water were removed and placed in 2 mL 377
Eppendorf tubes and 500 µL of additional water was used to rinse out the wells and 378 added to the sample. Tubes were centrifuged at 5000 x g for 5 min and supernatant 379 (biocrust soil water) was pipetted and placed in new 2 mL tubes. Remaining biocrust 380 was stored at -80°C until nucleic acid extraction was performed. There were five 381 replicates, five time points and four successional stages of crust resulting in 100 total 382
samples. 383 384

Metabolite extraction and LC/MS analysis 385
Biocrust soil water samples (1.5 mL) were lyophilized and resuspended in 386 
